Abstract. [Purpose] In the present study, we analyzed the validity of several methods that are frequently used to assess the foot morphology in the clinical setting.
INTRODUCTION
Edema and atrophy of the foot are frequent m a n i f e s t a t i o n s d e t e c t e d i n p a t i e n t s w i t h neurological, and orthopaedic diseases and other clinical conditions. The evaluation of foot edema provides valuable information for assessing the e f f e c t o f p h y s i c a l t h e r a p y i n c o n t r o l l i n g inflammation and for evaluating the recovery of peripheral circulation in paralyzed limbs of neurological patients. Also in the evaluation of atrophy states it is important to know the level of impairment in response to disuse. Previously, the water displacement method and centipede metrology were used to measure the foot volume. These methods are reliable and valid for measuring the foot volume, but their complexity and the considerable time required to perform them are problematic. In recent years, the evaluation of foot and ankle edema using the Figure-of-Eight Method (FOE) has been reported in many research publications [1] [2] [3] [4] . This method consists of measuring the perimeter of the foot and ankle wrapping the tape measure around forming a figure-of-eight.
Previous studies have demonstrated that the FOE method has excellent reproducibility, and it is highly convenient and valuable in clinical practice. However, little is known about the sensitivity of the method, which is important in the evaluation of limb asymmetry, and the responsiveness before and after treatment 5, 6) . There are no reports mentioning the reliability of the FOE method in assessing shape variation and atrophy of the foot. The purpose of this research was to investigate the effectiveness and validity of two methods for evaluating foot edema and atrophy. Initially, we examined the correlation between the girth measurement method and the foot volume in healthy subjects. Next, we investigated the girth measurement method and the screening test used to evaluate volume variation in stroke patients, comparing right and left limbs and the hemiplegic and the non-hemiplegic sides of the patients.
METHODS
Forty-five healthy subjects (25 men, 20 women, average age 35.5 ± 11.4) without orthopedic histories and other pathologies that might cause foot edema and atrophy, and 30 stroke patients (21 men, 9 women, 14 right-hemiplegic patients, 16 lefthemiplegic patients, average age 65.5) volunteered for this study. All volunteers were previously informed about the procedures of the research before giving their consent to participation. Experiment 1: Correlation of foot volume and girth measurements
The measurements were made on healthy subjects' right feet. After the foot had been exposed, landmarks were marked on the first metatarsal head, the most prominent part of the navicular bone, the fifth metatarsal head, and the fifth metatarsal bottom. Four different girths were measured using a plastic tape measure that was 8 mm in width and 1 m in length. Girth (1) was measured around the first metatarsal head and the fifth metatarsal bottom (I-V). Girth (2) was measured around the most prominent part of the navicular bone and the fifth metatarsal bottom (N-V). Girth (3) was measured around the middle point between the first metatarsal head and navicular bone projection and the middle point of line connecting the fifth metatarsal head with the fifth metatarsal bottom (M-M). The Figure-of-eight (FOE) method was also performed, verifying that the measure tape was wrapped around the ankle, starting from the most prominent part of the navicular bone and continuing to the fifth metatarsal head, the first metatarsal head, and the bottom of the fifth metatarsal head to form the figure of eight. The total of the first three girth measurements (S) was used as a wide-range index of foot morphology, and to compare with FOE. The f o o t v o l u m e w a s m e a s u r e d b y t h e w a t e r displacement method using a container made of polypropylene with the following dimensions: 280 mm of length, 160 mm of width and 85 mm of height. The length from the floor to the bottom of medial malleolus of the tibia was measured to adjust the depth of the water tank using acrylic sheets with thicknesses of 1 mm. The foot was carefully immersed and the amount of displaced water was measured. All the measurements were carried out in the morning by a single examiner.
Experiment 2: Examination of right and left foot v o l u m e d i f f e r e n c e s , s e n s i t i v i t y o f g i r t h measurements and validity of screening evaluation methods in stroke patients
The girth measurement and measurement of the foot volume by the water displacement method were carried on the hemiplegic and non-hemiplegic sides as described in experiment 1. The differences between right and left feet in girth and volume (hemiplegic and non-hemiplegic side) were calculated. We also analyzed how the foot volume variation was reflected in each girth measurement. Moreover, a method was devised to assess the foot edema grade of stroke patients based on a foot pitting test, in which digital pressure was applied to the swollen area behind the third metatarsal bone for 10 seconds. The edema was graded into three levels: No differences between right and left feet after the test = grade I; the test created an indentation that fills within five seconds = grade II; the test created an indentation that remains for five seconds or more = grade III. The foot girth and volume measurements were compared between the hemiplegic and non-hemiplegic sides according to the edema grade (grade I to grade III). The validity o f t h e e d e m a g r a d e a s s e s s m e n t w a s a l s o investigated by examining the differences between the edema grades. Foot atrophy was evaluated by detailed inspection of the foot sole and by palpation of the abductor hallucis and the abductor digiti minimi with bilateral comparison to detect asymmetry. According to the foot atrophy test results, the patients were divided into atrophypresent and atrophy-absent groups. After the group division, we examined the correlation between girth and volume measurements.
The relation between the foot volume and girth measurements was determined using Pearson's correlation coefficient and regression analysis. The foot volumes and foot girths between hemiplegic and non-hemiplegic limbs were analyzed using the paired t-test. The differences between right and left feet in the groups divided based on atrophy presence and edema grade were analyzed by oneway ANOVA and multiple comparison tests. The Spearman rank-correlation coefficient was used to analyze the relations among the edema grade, the atrophy presence, and the differences found in each measurement. Experiment 2: On both the hemiplegic and nonhemiplegic sides significant correlations were found between each girth measurement and the foot volume (0.76-0.87). However, when comparing the girth measurements and foot volume differences between hemiplegic limb and non-hemiplegic limbs, there were significant correlations only for FOE difference and S difference (Table 1) .
RESULTS

Experiment
In the comparison of the hemiplegic and nonhemiplegic limbs according to the edema grade, the foot volume of the non-hemiplegic limb was significantly larger in grade I edema; and in grade II and grad III edemas, the foot volume of hemiplegic side was larger. In grade II edemas, the girth measurements of M-M, FOE, and S of the hemiplegic limbs were significantly larger ( Table  2 ). The edema grades showed a tendency for the differences in FOE and S values to increase with the severity of edema. Furthermore, there were significant differences between all combinations, except for the FOE difference between grade II and grade III.
With regard to the presence of foot atrophy classification, no significant differences or relations w e r e f o u n d f o r f o o t v o l u m e a n d g i r t h measurements. There were many standard deviations relatively higher than the averages wide range showing marked variability in the data (Table  3 ). In correlation coefficients of the edema grades, presence of foot atrophy and FOE differences, S differences, and foot volume differences, although the edema grades were correlated with all related differences, the assessment of foot atrophy used in t h i s s t u d y f a i l e d t o s ho w an y s i g ni f i c an t correlations.
DISCUSSION
There are various reports on the reliability and the validity of the FOE method. The intra-class correlation coefficient for inter-examiner and intraexaminer reliability are assumed to range between 0.98-0.99, demonstrating that FOE is highly reliable and reproducible [1] [2] [3] [4] . Rohner et al. 5) examined the influence of the use of landmarks on the reliability of the FOE method to assess foot e d e m a . T h e y r e p o r t e d t h a t t h e h i g h e s t reproducibility was found when landmarks are used and performed by a single examiner. Therefore, we also selected this measurement procedure to minimize the degree of variability. The validity correlation coefficient with the foot volume was reported to be 0.94 4) or 0.89-0.91 2, 3) . In our study, this correlation was 0.91, a result very similar to those of the previous reports. In healthy subjects, excluding FOE girth, the correlation coefficient between girth measurements and foot volume ranged from 0.85 to 0.88. Therefore, most of the girth measurements used in this study (I-V, N-V, M-M) reflected the foot volume of healthy individuals.
In stroke patients, a strong correlation was found between all the girth measurements and the foot volume on the hemiplegic side and on the nonhemiplegic side. However, in the comparison of the right and left limbs, the correlation between the girth measurements difference and the foot volume difference was only significant for the FOE difference and S difference. From these results, the girth measurements partially reflected the foot volume. However, in clinical practice, when the amount of the change in the foot volume needs to be evaluated, a single girth measurement might be insufficient to detect the volume variation of the foot. Thus, all girth measurements would have to be taken or another assessment that assesses a wider area of the foot. Henschke N. et al. 6) examined the sensitivity of the water displacement method and the FOE method in 30 healthy subjects, under three different conditions: in the supine, in the sitting position, and in the ischemic sitting position. They found that in the ischemic sitting position, an increase of 31 ml in foot volume was detected using the water displacement method; but the FOE method failed to detect this change, suggesting a limitation of the method. Meanwhile, in a study of foot girth asymmetry in a Japanese population performed by Kikuta et al. 7) , the boundary values of the foot girth asymmetry were ±1.8-2.8 mm in male subjects and ±1.8-5.0 mm in female subjects. Those ranges represented 0.74-1.19%(male), 0.61-1.53%(female) of the girth measurements. Considering that the normal variation of foot girth asymmetry in healthy individuals is up to 2%, the limitation of the method as suggested by Henschke N. et al. is justified. Our results suggest that the FOE method and S girth measurement may be appropriate for foot edema assessment due to the fact that they represent the foot girth over a wide range, thereby reflecting foot volume asymmetry. The comparative analysis of the foot edema grade according to the results of the pitting test suggest that the FOE difference and S difference increase with elevation in edema grade. Furthermore, this result supports the validity of the edema grade assessment and opens up the possibility of developing a more detailed assessment that might improve its objectivity. The foot atrophy assessment was performed using palpation and inspection to classify the subjects into the atrophy-present group and atrophyabsent group. We could not find any significant differences between these groups. The averages of foot volume difference in the atrophy-present group and atrophy-absent group were too small, respectively represented by -2.52 ml and 5.46 ml. The girth measurements could not detect the foot volume change due to its small variation. Although the FOE method is able to cover a wide range of the foot through the crossing of the tape measure over the foot, it mainly measures the dorsal part of the foot. Hence, we hypothesize that the FOE method cannot sufficiently reflect the morphology of the plantar region. The girth measurements of the thigh and lower thigh are often used to assess muscle hypotrophy and hypertrophy. In the thigh and lower thigh region the girths are easily measured because there are few anatomical irregularities in the area. In contrast, the foot is composed of different arches requiring a three-dimensional assessment to measure the precise morphology. There were considerable variations in foot girth measurements and foot volume measurements in the atrophypresent group and the atrophy-absent group. Stroke patients may develop muscle disuse atrophy and disorders in peripheral circulation. It is conceivable that a high degree of muscle atrophy combined with edema observed in the same patient may have prevented us from correctly classifying atrophy. Therefore, the results presented here suggest that in addition to the girth measurements, other assessment tools may be required for the proper evaluation of foot atrophy and morphology.
